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Abstract 

The  5.56mm  NATO  cartridge  is  used  by  the  United  States  Armed  Forces  and  the  Armed  Forces  of  other 
NATO  Nations.  Despite  its  wide  use,  current  methods  for  finding  the  barrel  friction  of  the  bullet  are  not 
accurate  or  consistent.  This  paper  presents  a  new  method  for  finding  this  barrel  friction  by  analyzing  the 
linear  muzzle  energy  vs.  powder  charge  found  by  test  firing  5.56mm  NATO  round  with  different  powder 
weights.  When  graphing  the  relationship  between  the  energy  vs.  powder  charge  (Alliant  Blue  Dot  Powder) 
of  the  Nosier  40  grain  ballistic  tip  lead  free,  Hornady  53  grain  VMAX,  and  the  Hornady  60  grain  VMAX 
bullets  it  was  noticed  that  the  relationship  was  near-perfectly  linear.  This  allows  for  the  barrel  friction  of 
these  rounds  to  be  calculated  by  finding  the  vertical  intercept  on  the  graph  of  the  muzzle  energy  vs. 
powder  charge  which  represents  the  work  done  by  friction  in  foot  pounds.  When  the  work  of  friction  is 
divided  by  barrel  length  in  feet,  the  barrel  friction  in  pounds  is  found  with  an  uncertainty  near  3%  for  the 
jacketed  lead  bullets  and  6.4%  for  the  lead  free  bullet  design.  The  new  method  of  measuring  barrel 
friction  is  expected  to  provide  a  quantitative  way  to  compare  the  friction  (or  reduced  friction)  of  differing 
bullet  designs,  barrel  materials,  bullet  coatings,  and  polishing  methods. 

Introduction 

The  5.56mm  NATO  round  is  widely  used  throughout  the  United  States  and  NATO  Armed 
Forces  (Colt  2003).  Because  of  its  wide  use,  it  is  important  to  know  the  barrel  friction.  High 
barrel  friction  robs  bullets  of  energy  that  could  otherwise  be  used  to  incapacitate  the  target, 
penetrate  intermediate  barriers,  resist  wind  drift,  or  flatten  trajectories.  Also,  high  friction  can 
contribute  to  the  barrel  overheating,  which  can  affect  the  barrel  integrity,  life,  and  accuracy.  At 
any  given  limit  on  cartridge  pressure,  bullets  with  lower  friction  can  be  fired  with  higher  muzzle 
velocity,  because  the  pressure  has  less  friction  to  overcome  and  will  provide  greater 
acceleration  to  the  bullet.  In  the  context  of  a  bullet  moving  in  a  rifle  barrel,  there  are  a  number 
of  forces  resisting  forward  motion,  and  the  present  study  focuses  on  the  total  work  needed  to 
overcome  the  net  resisting  force  including  the  forces  needed  to  engrave  the  bullet  and  the 
forces  needed  to  overcome  friction. 

One  method  for  estimating  barrel  friction  is  to  analyze  the  pressure  curve  that  is  created  when 
shots  are  fired.  This  method’s  accuracy  can  be  influenced  by  several  confounding  factors 
including  the  mass  of  the  powder,  the  spatial  variation  in  pressure  between  the  point  of 
measurement  and  the  base  of  the  bullet,  shot-to-shot  variations  in  the  pressure  curve,  and  gas 
blow  by.  A  second  method  uses  a  guess  of  the  friction  as  an  input  for  numerical  modeling  and 
adjusts  the  guess  until  agreement  is  found  with  the  measured  pressure  curve  and  velocity. 
Since  the  pressure  curve  and  velocity  might  be  subject  to  other  factors,  this  method  provides 
only  an  estimate.  A  third  method  is  to  measure  the  force  required  to  push  bullets  through  the 
bore  with  a  rod  at  low  speeds,  1.3  and  3.6  inches  per  second  (White  and  Siewert  2007).  This 
method  has  the  advantage  of  providing  a  complete  force  curve:  the  barrel  resistance  at  every 
position  as  the  bullet  moves  down  the  barrel.  However,  it  is  not  clear  how  well  this  might 
represent  resistance  forces  in  the  barrel  at  the  much  higher  velocities  involved  in  firing  or 
whether  this  method  accurately  simulates  the  effects  of  powder  or  copper  fouling  of  the  barrel. 
A  second  limitation  of  that  study  was  that  only  the  resistance  forces  in  the  first  4  inches  of  the 
barrel  were  measured,  so  the  barrel  friction  in  the  complete  barrel  was  undetermined.  The 
method  presented  here  is  less  subject  to  the  confounding  factors  of  the  first  two  methods,  so  it 
offers  greater  potential  for  accuracy.  The  method  of  the  present  study  also  determines  the 
average  resistant  force  at  ballistic  velocities  and  because  it  is  based  on  live  firing,  it  also 
incorporates  real  effects  of  copper  and  powder  fouling  in  the  barrel. 
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Method 

The  velocity  of  various  bullets  was  measured  with  an  optical  chronograph  (Oehler  35  with 
accuracy  estimated  at  0.3%)  as  the  powder  charge  of  Alliant  Blue  Dot  powder  was  varied  in  1 
grain  steps  from  5  or  6  grains  up  to  14  grains.  All  loads  used  Federal  205M  primers.  The 
resulting  velocity  is  combined  with  bullet  mass  to  compute  muzzle  energy  in  foot  pounds.  When 
the  energy  in  foot  pounds  is  graphed  as  a  function  of  the  amount  of  powder  in  grains,  the 
resulting  graph  illustrates  a  strong  linear  relationship  with  a  coefficient  of  determination  (R2) 
above  0.997.  This  relationship  can  therefore  be  used  to  calculate  the  work  done  by  friction  on 
the  bullet  (in  foot  pounds)  by  the  vertical  intercept,  which  is  the  energy  lost  to  friction.  The 
average  frictional  force  can  then  be  calculated  by  taking  the  lost  energy  (vertical  intercept)  and 
dividing  by  the  barrel  length  (1.875  feet  for  the  Remington  700  chambered  in  .223  Rem  used 
here). 

The  specific  bullets  tested  were  the  Nosier  40  grain  ballistic  tip  lead  free  (Nosier,  Bend  OR,  Part 
#  45160),  Hornady  53  grain  VMAX  (Hornady,  Grand  Island,  NE,  Part  #  22265),  and  the  Hornady 
60  grain  VMAX  (Hornady,  Grand  Island,  NE,  Part  #  22281).  Using  the  velocities  in  feet  per 
second  found  with  the  chronograph  and  an  Excel  spreadsheet,  one  is  able  to  calculate  the 
muzzle  energy  in  foot  pounds  for  each  shot.  For  each  bullet  and  powder  charge,  the  muzzle 
energy  was  averaged  for  five  shots.  A  linear  regression  of  muzzle  energy  vs.  powder  charge 
yields  the  slope  which  is  the  additional  energy  for  each  additional  grain  of  powder  and  the 
vertical  intercept  which  is  the  energy  lost  to  friction  of  each  bullet.  To  calculate  the  average 
frictional  force,  the  energy  lost  to  friction  (in  foot-pounds)  is  divided  by  the  barrel  length  (in  feet) 
to  yield  the  force  of  friction  (in  pounds). 

Results 

For  the  powder  and  charge  weights  employed  here,  the  relationship  between  muzzle  energy 
and  powder  charge  had  a  very  high  linear  correlation  (R2  >  0.997).  The  constant  efficiency  over 
a  broad  range  of  powder  charges  allows  extrapolation  back  to  the  vertical  intercept  to  provide  a 
determination  of  the  energy  lost  to  barrel  friction.  Table  1  provides  the  work  of  friction  and 
average  force  of  friction  for  each  bullet.  The  work  of  friction  is  found  by  interpreting  the  vertical 
intercepts  of  these  graphs  to  indicate  the  amount  of  energy  necessary  for  the  bullet  to  leave  the 
barrel.  The  uncertainty  of  friction  ranges  from  near  3%  for  the  jacketed  lead  bullets  to  6.4%  for 
the  lead  free  design. 


Bullet 

Work  of  Friction 

Force  of  Friction 

Uncertainty  of  Friction 

(ft.-lbs.) 

(lbs.) 

Force  (lbs.) 

40  grain  ballistic  tip 
lead  free 

-214.86 

114.59 

+/-  7.37 

53  grain  VMAX 

-234.46 

125.05 

+/-  3.86 

60  grain  VMAX 

-308.82 

164.70 

+/-4.81 

Table  1:  The  barrel  friction  for  each  bullet  and  uncertainty  the  force  of  friction  ranging  from  +/- 
3.86  lbs.  to  +/-  7.37  lbs. 


Figure  1  shows  the  relationship  between  the  powder  in  grains  and  the  muzzle  energy  in  ft-lbs  of 
the  Nosier  40  grain  ballistic  tip  lead  free.  The  vertical  intercept  of  this  graph  shows  that  it 
requires  214.86  ft-lbs  of  energy  for  the  bullet  to  exit  the  barrel.  The  average  force  of  friction  over 
the  length  of  the  barrel  is  1 14.59  lbs.  With  Blue  Dot  powder,  the  Nosier  40  grain  ballistic  tip  lead 
free  has  a  slope  of  77.50  ft-lbs  per  grain  which  represents  the  average  increase  in  muzzle 
energy  for  each  additional  grain  of  powder. 
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Figure  1:  The  linear  relationship  between  the  muzzle  energy  and  powder  charge  of  the  Nosier 
40  grain  ballistic  tip  lead  free.  The  work  done  by  friction  acting  on  the  bullet  is  -214.86  ft-lbs. 
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Figure  2:  The  linear  relationship  between  the  muzzle  energy  and  powder  charge  of  the  Hornady 
53  grain  VMAX  bullet.  The  work  done  by  friction  acting  on  the  bullet  is  -234.46  ft-lbs. 


Figure  2  shows  the  relationship  between  the  powder  in  grains  and  the  muzzle  energy  in  ft-lbs  of 
the  Hornady  53  grain  VMAX  bullet.  The  vertical  intercept  of  this  graph  shows  that  it  requires 
234.46  ft-lbs  of  energy  for  the  bullet  to  exit  the  barrel.  The  force  of  friction,  which  is  the  average 
friction  over  the  length  of  the  barrel,  is  125.05  lbs.  Hornady  53  grain  VMAX  bullet  has  a  slope  of 
85.38  ft-lbs  per  grain  which  represents  the  average  increase  in  muzzle  energy  for  each 
additional  grain  of  powder. 
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Figure  3:  The  linear  relationship  between  the  muzzle  energy  and  powder  charge  of  the  Hornady 
60  grain  VMAX  bullet.  The  work  done  by  friction  acting  on  the  bullet  is  -308.82  ft-lbs. 
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Figure  3  shows  the  relationship  between  the  powder  in  grains  and  the  muzzle  energy  in  ft-lbs  of 
the  Hornady  60  grain  VMAX  bullet.  The  vertical  intercept  of  this  graph  shows  that  it  requires 
308.82  ft-lbs  of  energy  for  the  bullet  to  exit  the  barrel.  The  force  of  friction,  which  is  the  average 
friction  over  the  length  of  the  barrel,  is  164.70  lbs.  The  Hornady  60  grain  VMAX  bullet  has  a 
slope  of  90.64  ft-lbs  per  grain  which  represents  the  average  increase  in  muzzle  energy  for  each 
additional  grain  of  powder. 

Discussion 

Limitations 

This  method  only  works  when  using  certain  powders  that  have  a  linear  relationship  of  muzzle 
energy  vs.  powder  charge  so  that  powder  efficiency  and  work  done  by  friction  can  be 
determined  as  the  slope  and  vertical  intercept  of  a  regression  line.  If  another  powder  were  used, 
there  is  some  likelihood  that  the  relationship  between  the  powder  charge  and  muzzle  energy 
would  not  be  linear.  This  method  provides  an  accurate  way  to  measure  the  average  muzzle 
energy  per  grain  of  powder  when  analyzing  the  slope  of  a  line  for  each  bullet.  Once  one  has 
established  that  the  powder  being  used  has  a  linear  relationship,  one  can  use  this  method  to 
find  the  work  done  by  friction  for  the  bullet. 

It  should  be  noted  that  many  powders  can  seem  to  give  a  linear  energy  vs.  powder  charge  over 
a  small  range,  but  are  unsuitable  for  estimating  barrel  friction  unless  they  allow  confident 
extrapolation  back  to  the  vertical  intercept.  Figure  4  shows  an  energy  vs.  powder  charge  graph 
generated  with  QuickLOAD  V3.6  for  H4895  powder  and  the  60  grain  VMAX.  (QuickLOAD  is  an 
internal  ballistics  modeling  program  that  predicts  muzzle  velocities  from  powder  and  bullet 
properties.)  At  first  glance,  the  data  seems  linear,  and  can  be  fit  with  a  linear  function  giving  a 
very  high  R2  of  over  0.99.  However,  more  careful  analysis  reveals  a  distinct  upward  curvature 
of  the  data,  and  a  quadratic  function  provides  a  much  better  fit.  Since  the  derivative  of  the 
energy  vs.  powder  charge  curve  is  not  exactly  constant,  it  is  not  possible  to  reliably  extrapolate 
back  to  the  vertical  intercept  to  estimate  barrel  friction  by  using  this  powder.  In  a  limited  number 
of  cases,  QuickLOAD  seems  to  reliably  indicate  which  powders  have  a  sufficiently  linear 
response  over  a  large  range  of  charge  weights  to  confidently  extrapolate  back  to  the  vertical 
intercept  to  determine  barrel  friction.  Some  powders  (like  H4895)  gain  efficiency  as  the  powder 
charge  is  increased.  Other  powders  (usually  those  with  slower  burn  rates)  show  diminishing 
returns  as  additional  powder  is  added  because  the  powder  has  not  completely  burned  and  the 
pressure  is  still  high  as  the  bullet  leaves  the  barrel. 


Figure  4:  Muzzle  energy  vs.  powder  charge  as  predicted  by  QuickLOAD  V3.6  for  H4895  and  the 
60  grain  Hornady  VMAX  bullet,  along  with  the  best  fit  linear  and  quadratic  functions. 
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Further  Study:  Testing  Claims  of  Reduced  Friction 

The  results  of  this  experiment  provide  an  accurate,  quantitative  method  for  measuring  the 
average  barrel  friction  of  the  5.56mm  NATO  cartridge  with  various  bullets.  In  addition,  it 
provides  a  method  for  testing  manufacturer’s  claims  for  reducing  barrel  friction,  such  as  Norma’s 
moly  bullets  (Norma  2011)  and  SMOOTH-KOTE  barrel  liner  (SMOOTH-KOTE  2006)  by 
comparing  the  resulting  frictions  found  between  treated  and  untreated  barrels  and  bullets.  Bore 
Tech  claims  that  its  drive  band  technology  reduces  pressure  and  fouling  thus  providing  higher 
velocities  for  the  same  bullet  weight  (Bore  Tech  2007).  Several  patents  make  claims  regarding 
the  friction  reducing  effects  of  molybdenum  disulfide  and  tungsten  disulfide  (Martin  2000)  as 
well  as  for  a  proprietary  oxide  coating  using  the  trade  name  Lubalox  (Stock  and  Eberhart  2007). 
The  Martin  patent  (2000)  claims  that  the  plating  process  described  allows  an  increase  of  bullet 
velocity  by  10%,  which  would  require  over  a  50%  reduction  in  barrel  friction.  The  authors  of  the 
present  study  are  unaware  of  any  published  data  quantifying  these  friction  reducing  claims. 

Further  Study:  Friction  of  Military  Bullets 

Analysis  of  a  smaller  sample  size  of  velocity  data  from  a  separate  experiment  (armor  testing) 
with  the  same  rifle  and  the  Ml 93  and  M855  bullets  suggests  that  while  the  full  metal  jacketed 
Ml  93  bullet  had  friction  comparable  with  the  other  5.56mm  bullets  at  222  ft-lbs  (+/-  21  ft-lbs)  of 
energy  lost  to  friction,  the  M855  bullet  had  much  larger  friction  at  412  ft-lbs  (+/-  42  ft-lbs)  of 
energy  lost  to  barrel  friction.  The  larger  uncertainties  are  due  to  the  smaller  sample  sizes  and 
the  sealant  between  the  bullet  and  cartridge  case  that  produces  larger  shot-to-shot  variations  in 
bullet  velocity  with  a  given  powder  charge.  The  larger  friction  of  the  M855  is  consistent  with  the 
trend  of  barrel  friction  increasing  with  bullet  mass,  probably  attributable  to  an  increase  in  bearing 
surface  of  the  longer  bullets,  but  other  factors  in  bullet  construction  may  also  contribute.  In  light 
of  the  fact  that  reducing  friction  by  50%  has  the  potential  to  add  200  ft-lbs  to  the  muzzle  energy 
for  such  a  friction  prone  bullet  design,  it  would  seem  prudent  in  the  future  to  understand  and 
mitigate  the  barrel  friction  of  bullets  adopted  for  military  use. 

Further  Study:  Increased  Friction  Caused  by  Lead  Free  Primers 

Analysis  of  a  smaller  sample  size  of  velocity  data  from  a  separate  experiment  (lead  free 
primers)  with  the  same  rifle  and  lead  free  bullets  suggests  a  large  (>90%)  increase  in  friction 
when  using  lead  free  rather  than  lead  styphnate  based  primers.  Dave  Summer,  a  chemist  at 
the  United  States  Air  Force  Academy,  has  suggested  (private  communication)  that  the  residual 
lead  might  be  increasing  lubricity  and  that  switching  to  lead  free  primers  might  have  unintended 
consequences  analogous  to  engine  performance  difficulties  associated  with  the  switch  to  lead 
free  gasoline.  The  impact  of  lead  styphnate  vs.  lead  free  primers  on  friction  should  be  carefully 
quantified  in  addition  to  satisfying  previously  enumerated  criteria  (Courtney  and  Courtney  2011) 
to  ensure  a  smooth  transition  to  the  new  technology. 
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